The Toll-like receptor (TLR) 4 mediates homeostasis of the intestinal epithelial cell (IEC) barrier. We investigated the effects of TLR4-D299G on IEC functions. METHODS: We engineered IECs (Caco-2) to stably overexpress hemagglutinin-tagged wildtype TLR4, TLR4-D299G, or TLR4-T399I. We performed gene expression profiling using DNA microarray analysis. Findings were confirmed by real-time, quantitative, reversetranscriptase polymerase chain reaction, immunoblot, enzyme-linked immunosorbent assay, confocal immunofluorescence, and functional analyses. Tumorigenicity was tested using the CD1 nu/nu mice xenograft model. Human colon cancer specimens (N ϭ 214) were genotyped and assessed for disease stage. RESULTS: Caco-2 cells that expressed TLR4-D299G underwent the epithelial-mesenchymal transition and morphologic changes associated with tumor progression, whereas cells that expressed wildtype TLR4 or TLR4-T399I did not. Caco-2 cells that expressed TLR4-D299G had significant increases in expression levels of genes and proteins associated with inflammation and/or tumorigenesis compared with cells that expressed other forms of TLR4. The invasive activity of TLR4-D299G Caco-2 cells required Wnt-dependent activation of STAT3. In mice, intestinal xenograft tumors grew from Caco-2 cells that expressed TLR4-D299G, but not cells that expressed other forms of TLR4; tumor growth was blocked by a specific inhibitor of STAT3. Human colon adenocarcinomas from patients with TLR4-D299G were more frequently of an advanced stage (International Union Against Cancer [UICC] ՆIII, 70% vs 46%; P ϭ .0142) with metastasis (UICC IV, 42% vs 19%; P ϭ .0065) than those with wild-type TLR4. Expression of STAT3 messenger RNA was higher among colonic adenocarcinomas with TLR4-D299G than those with wild-type TLR4. CONCLUSIONS: TLR4-D299G induces features of neoplastic progression in intestinal epithelial Caco-2 cells and associates with aggressive colon cancer in humans, implying a novel link between aberrant innate immunity and colonic cancerogenesis. TLR4 is the major receptor for lipopolysaccharide activation in conjunction with 3 accessory molecules: CD14, LBP, and MD-2. Under normal conditions, TLR4/MD-2 expression is generally low in IECs but significantly upregulated in inflammatory bowel diseases (IBDs). 4,5 TLR4 exerts critical IEC barrier-protective mechanisms that enhance wound healing. 6,7 Recently, 2 common missense mutations, A896G (D299G) and C1196T (T399I), have been identified at frequencies up to 18%. 8 The single TLR4-D299G haplotype is more prevalent in African populations, while the cosegregated TLR4-D299G/T399I is usually found in European individuals. Both mutations are located within the extracellular domain, 9 resulting in conformational changes, 10 and depending functionally on MD-2. 11 TLR4-D299G and TLR4-T399I have been associated with increased disease risk for gram-negative infections with septic shock, 12 Helicobacter pylori-mediated noncardia gastric carcinoma, 13 and IBDs. 14 The human TLR4-D299G mutation (but not the T399I mutation) has been shown to interrupt TLR4-mediated lipopolysaccharide signaling in airway epithelial cells. 15 GASTROENTEROLOGY 2011;141:2154 -2165 In this study, we show that the TLR4-D299G mutation induces features of neoplastic progression in the IEC line Caco-2 in vitro and in vivo that correlates with increases in several genes and proteins associated with inflammation and/or tumorigenesis and involves STAT3 activation. Furthermore, our findings show that human patients with colon cancer carrying TLR4-D299G may develop more frequently aggressive disease with metastasis than patients carrying TLR4-WT. Thus, our data imply a novel mechanistic link between aberrant innate immune signaling and malignant tumor progression in colon cancer.
I
nnate immunity represents the first line of host defense in the intestinal epithelial cell (IEC) barrier. 1 Commensals induce innate immune responses that participate in important physiologic functions, including IEC differentiation, proliferation, and maturation. 2 To maintain mucosal homeostasis in the intestine, commensal-induced host-modulatory effects require basal state of Toll-like receptor (TLR) function, thus ensuring rapid restitution and limited inflammatory responses of IECs. Changes in commensal composition during colitis may trigger aberrant innate immune signaling, leading to colon tumor formation. 3 TLR4 is the major receptor for lipopolysaccharide activation in conjunction with 3 accessory molecules: CD14, LBP, and MD-2. Under normal conditions, TLR4/MD-2 expression is generally low in IECs but significantly upregulated in inflammatory bowel diseases (IBDs). 4, 5 TLR4 exerts critical IEC barrier-protective mechanisms that enhance wound healing. 6, 7 Recently, 2 common missense mutations, A896G (D299G) and C1196T (T399I), have been identified at frequencies up to 18%. 8 The single TLR4-D299G haplotype is more prevalent in African populations, while the cosegregated TLR4-D299G/T399I is usually found in European individuals. Both mutations are located within the extracellular domain, 9 resulting in conformational changes, 10 and depending functionally on MD-2. 11 TLR4-D299G and TLR4-T399I have been associated with increased disease risk for gram-negative infections with septic shock, 12 Helicobacter pylori-mediated noncardia gastric carcinoma, 13 and IBDs. 14 The human TLR4-D299G mutation (but not the T399I mutation) has been shown to interrupt TLR4-mediated lipopolysaccharide signaling in airway epithelial cells. 15 However, the functional phenotypic consequences of the TLR4-D299G variant in the intestinal epithelium have not yet been delineated.
Human Colon Cancer Specimens
We performed a retrospective, single-center cohort study among the white patients with a diagnosis of colon cancer from March 2001 to November 2010 at the Division of Gastroenterology, Kliniken Essen-Süd (Essen, Germany). The protocol was approved by the Human Studies Committee at Kliniken EssenSüd. The corresponding formaldehyde-fixed paraffin-embedded tissue collection samples were provided by the Institute of Pathology and Neuropathology, University Hospital of Essen. All tumors classified as adenocarcinoma were pathologically reviewed, and individual blocks were selected based on "maximum tumor cell extent" versus "negative oral/aboral surgical margin (R 0 )." For the purposes of the present study, we excluded 17 patients from further analysis due to concomitant lymphoma, leukemia, or autoimmune disease, inadequate clinical staging at initial diagnosis, acute/chronic-active IBD, or polyposis coli. Genotyping of TLR4 (rs4986790: D299G, rs4986791: T399I) and TLR2 (rs5743708: R753Q) was performed by pyrosequencing (varionostic GmbH). Table 1 shows the clinicopathologic features of the remaining 214 cases.
Please see Supplementary Materials and Methods for details on RNA/DNA extraction, microarray analysis, quantitative RT-PCR analysis, protein analysis by immunoblotting, enzymelinked immunosorbent assay, Matrigel (BD, Franklin Lakes, NJ) invasion assay, and immunohistochemistry.
Statistical Analysis
The unpaired t test was used to calculate differences between means, and the Fisher exact test was used for contingency tables to compare patient proportions (GraphPad Prism version 4.03; GraphPad Software, La Jolla, CA). All tests were 2 2-TLR4-WT, -TLR4-D299G, -TLR4-T399I , and mock cell clones at 19, 43, and 67 hours, determined by bromodeoxyuridine incorporation and MTS assay, respectively. Data are presented as means Ϯ SEM for 2 independent experiments (n ϭ 6). *P Ͻ .05; **P Ͻ .01; ***P Ͻ .001.
tailed, and P values of Ͻ.05 were considered significant. All data are expressed as means Ϯ SEM.
Results

TLR4-D299G Induces Aberrant Cytoskeletal Reorganization and Nuclear Atypia
To determine the effects of TLR4-D299G on cellular biology and function in the intestinal epithelium, we stably transfected the IEC line Caco-2 with HA-tagged mutant TLR4-D299G and, as controls, TLR4-WT or mutant TLR4-T399I. Endogenous messenger RNA (mRNA) expression of TLR4-WT was low in Caco-2 cells (regardless of confluency), consistent with previous results in primary human IECs in the healthy intestine. 4 Equal transfection efficiency of receptor mRNA expression was confirmed in all clones (Supplementary Figures 1A and 4 ). TLR4-WT or mutants were constitutively glycosylated (Supplementary Figure 1B) , implying functional integrity of the receptor. 17 Level of glycosylation was slightly higher in both TLR4-T399I and TLR4-D299G than TLR4-WT, possibly due to posttranslational modifications. However, immunofluorescence with anti-HA showed comparable distribution of stable protein expression between the different clones (Supplementary Figure 1C) . As shown in Figure 1A , Caco-2 cells overexpressing the TLR4-D299G mutant displayed significant morphologic changes when compared with the control clones. TLR4-D299G Caco-2 cells showed an elongated, flat shape, assuming a fibroblast-like appearance with actin cytoskeletal disorganization. Similar morphologic alterations were confirmed in 3 different TLR4-D299G stable Caco-2 clones ( Figure 1B ), in addition to the same clone (#7) at early passage. In contrast, the control clones maintained the typical cuboidal cellular shape with predominantly cortical actin architecture. We observed distinct mitotic abnormalities in enlarged TLR4-D299G Caco-2 cells, including multipolar spindles and misaligned chromosomes ( Figure 1C and Supplementary  Figure 2A ), which were not apparent in the control clones. However, TLR4-D299G or TLR4-T399I Caco-2 cells were found to grow at comparable rates, while TLR4-WT showed decreased proliferation and lower metabolic activity ( Figure 1D ). Thus, stable expression of TLR4-D299G causes the IEC line Caco-2 to undergo morphologic changes suggestive of neoplastic progression.
TLR4-D299G Activates Genes Primarily Related to Inflammation and Tumorigenesis
To gain insight into the underlying mechanisms responsible for the altered cellular behavior of TLR4-D299G in the IEC line Caco-2, we next performed a broad gene expression profiling analysis to identify target genes specifically affected by the TLR4-D299G mutant. We compared basal mRNA expression between Caco-2-TLR4-WT, Caco-2-TLR4-T399I, Caco-2-TLR4-WT, and Caco-2 mock cells. Through hierarchical clustering of the microarray data sets (Figure 2A and Supplementary Table 1) , we identified 281 genes significantly regulated with Ͼ2-fold differential expression (TLR4-D299G vs TLR4-WT). TLR4-D299G-dependent transcripts belonged primarily to canonical pathways associated with inflammation and/or metabolism (Supplementary Table 2 ). Fifty-two probes were identified as the major hit genes with expression that was most differentially changed in TLR4-D299G Caco-2 cells (log 2 ratio cutoff, 2.0). Within this set, 39 genes were interconnected with tumorigenesis, acute phase response, and coagulation as main biologic functions ( Figure 2B and Supplementary Figure 3) . The Ingenuity (Redwood City, CA) knowledge base annotated 11 genes in this network ( Figure 2B and Supplementary Figure 3 ) specifically with the main biologic functions of "inflammation" and/or "inflammatory response" (A2M, ALCAM, ANXA1, C5, CD47, CHI3L1, HPX, IL2RG, TF, TFPI, SERPINC1). Real-time RT-PCR analysis of a selection of representative genes validated the gene expression changes observed by the array analysis. mRNA expression of acute phase response/inflammation markers linked to cancer ( Figure 2C and Supplementary Table 3) was constitutively increased in TLR4-D299G compared with TLR4-WT or TLR4-T399I. In addition, TFF2 and TFF3 mRNA were significantly decreased in TLR4-D299G (Supplementary Tables 1 and 3) , implying severe wound healing defects, 18 ,19 yet only minor changes in gene expression levels of other TLRs were observed (Supplementary Figure  4) . Enzyme-linked immunosorbent assay analysis of the supernatants ( Figure 2D ) confirmed baseline secretion of large protein amounts of proinflammatory coagulation and complement factors (A2M, TFPI, C3a, C5a) by TLR4-D299G, which were not produced by the control clones. Stable transfection did not appear to induce endoplasmic reticulum stress, secondarily leading to proinflammatory responses, because Bip/grp78 expression was not altered in any of the clones (Supplementary Figure 5A) . These data imply that expression of TLR4-D299G in the IEC line Caco-2 induces enhanced production of distinct mediators of inflammation and cancer.
TLR4-D299G Induces Wnt Signaling and Associated Epithelial-to-Mesenchymal Transition
Wnt-mediated epithelial-to-mesenchymal transition (EMT) is a biologic process that has been implicated in the development and progression of colon cancer. 20 Our initial observations ( Figure 1A) showed that Caco-2 cells expressing TLR4-D299G exhibit a fibroblast-like morphology suggestive of EMT, and therefore we assessed Wnt signaling and EMT-associated cellular changes in these cells. Expression of Wnt target genes (Cx43, DKK1; EMT markers: Snail2, VIM) was constitutively increased by TLR4-D299G (Figure 3A and Supplementary Table 3) . Alterations in Cx43 have been linked to Wnt signaling 21 and cancer progression 22 as well as inflammation. 16 Protein levels of Cx43 were decreased in TLR4-D299G (Supplementary Figure 5A) , possibly due to proteasome-dependent degradation. 16 Up-regulation of the Wnt antagonist DKK-1 (Supplementary Figure 5A ) failed to inhibit Wnt signaling. As shown
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by confocal immunofluorescence ( Figure 3B and Supplementary Figure 2B and C), TLR4-D299G significantly activated the Wnt/␤-catenin pathway, leading to intestinal epithelial dedifferentiation and a mesenchymal phenotype: (1) phosphorylated ␤-catenin translocated from the membrane to the cytoplasm and accumulated in the nucleus, (2) Ecadherin redistributed to the cytoplasm, which correlated with loss of cell polarity, and (3) the transcriptional factor Snail2, a central mediator of cell migration, anchored to the plasma membrane. These morphologic changes were not evident in the control cells.
TLR4-D299G Mediates Invasive Tumor Growth via Wnt-Dependent STAT3 Activation In Vitro
Concomitant reorganization of the actin cytoskeleton ( Figure 1A ) implied acquisition of a more motile intestinal epithelial phenotype by the TLR4-D299G gene variant. To test whether TLR4-D299G functionally induces invasive properties, we used an in vitro 3-dimensional Matrigel invasion assay. As shown in Figure 4A , Caco-2 cells expressing TLR4-D299G were highly invasive and displayed typical branching formations in Matrigel. In contrast, all the control clones that expressed other forms of TLR4 or mock did not show any invasive behavior. In parallel, levels of STAT3 mRNA were increased and nuclear STAT3 protein was constitutively phosphorylated in TLR4-D299G (Supplementary Table 3 and Figure 4B and C). Treatment with the specific STAT3 inhibitor NSC74859 repressed TLR4-D299G-dependent invasion ( Figure 4D ), implying that TLR4-D299G-mediated STAT3 activation is required for the invasive transformation. Furthermore, blockade of Wnt signaling by quercetin reduced the level of phospho-STAT3 ( Figure 4C ) and associated invasion of TLR4-D299G Caco-2 cells ( Figure 4D ), suggesting that the TLR4-D299G-mediated Wnt pathway is important for persistent activation of STAT3 and the invasive phenotype. Of note, IB-␣ was phosphorylated in TLR4-T399I Caco-2 cells (Supplementary Figure 5A) , but not in any of the other clones, suggesting that STAT3 in TLR4-D299G-induced cancer inflammation does not interconnect with the nuclear factor B pathway. Although interleukin-6/Gp130 signaling has been linked to induction of STAT3 and development of cancer, 23 we did not detect any modulation of interleukin-6 mRNA in any clone (data not shown). In addition, we investigated whether other oncogenes may be involved, including COX-2 and c-Myc. Although COX-2 mRNA was increased in TLR4-D299G Caco-2 cells (Supplementary Table 3 ), levels of COX-2 protein were largely comparable between all clones (Supplementary Figure 5A ) and administration of a specific COX-2 inhibitor did not influence TLR4-D299G-mediated cellular invasion (Supplementary Figure 5B) . In contrast, mRNA and protein expression of c-Myc were comparable among the different clones (Supplementary Table 3 and Supplementary Figure 5A ). These findings indicate that TLR4-D299G signaling activates the STAT3 pathway via Wnt, which drives invasive growth of the IEC line Caco-2.
TLR4-D299G Signaling Promotes Intestinal Xenograft Tumor Growth via STAT3 In Vivo
To investigate whether TLR4-D299G drives intestinal tumorigenicity in vivo, we used the CD-1 nu/nu mouse xenograft model. 24 As shown in Figure 5A and B, intestinal xenograft tumors from Caco-2 cells that expressed TLR4-D299G grew rapidly. Histopathology showed the morphology of highly cellular, undifferentiated adenocarcinoma in TLR4-D299G xenografts, with invasion of neighboring skeletal muscle ( Figure 5C ). In contrast, tumors from TLR4-WT, TLR-T399I, or mock xenografts failed to grow and began to shrink by day 8 after injection ( Figure 5B ), as seen previously in regular Caco-2 xenografts. 24 Cells were arranged in glandular formations lined by moderately well-differentiated columnar cells, without evidence of invasion ( Figure 5C ). Systemic treatment with the STAT3 inhibitor, but not control vehicle, resulted in inhibition of tumor growth, leading to degeneration of TLR4-D299G xenografts ( Figure 5D ). By day 11, sizes of TLR4-D299G xenografts were comparable to those observed of the other, untreated clones, with only few, scattered, and noninvasive tumor cell nests present. These data suggest that TLR4-D299G signaling promotes cancer growth and progression in human intestinal xenografts via STAT3 in vivo. Figure 2 . (A) Hierarchical clustering analysis of selected gene regulation by TLR4-WT, TLR4-T399I, and TLR4-D299G in Caco-2 cells. Genes (281) that were differentially expressed at levels of mean average Ͼ2-fold within the 99% confidence interval in comparison between the data sets TLR4-D299G and TLR4-WT were included. Each row corresponds to a single gene. The column "mock" represents the mean of 3 independent samples and was specified as baseline experiment for all scaling. The columns "TLR4-WT," "TLR4-T399I," and "TLR4-D299G" contain the 3 individual samples (#1-#3), which are each compared with baseline. The color scale at the top right corner of the figure uses only the range of relative expression level values from the data displayed in the heat map (log 2 scale). Per-row color scaling was applied for expression levels (blue, low; yellow, intermediate; red, high). A detailed list of these selected genes is provided in Supplementary Table 1. (B) Functional linkage of top-hit gene expression patterns by Ingenuity pathway analysis. A log 2 ratio cutoff of 2.0 was set to focus only on genes with expression that was most differentially regulated in the microarray data set TLR4-D299G vs TLR4-WT. Of the 52 hits identified in this data set, 39 genes were associated with their main biological functions and/or diseases in the Ingenuity knowledge base. Based on their connectivity, "tumorigenesis," "acute phase response," and "coagulation system" were identified. Thirteen gene hits did not fit into these Ingenuity pathway analysis algorithms and were therefore not considered here (strong red, highly up-regulated; strong green, highly down-regulated). (C) Increase of A2M, C5, CHI3L1, and TFPI mRNA expression in Caco-2-TLR4-D299G, as determined by real-time RT-PCR analysis. Results are shown in relation to expression of Gapdh mRNA. (D) Induction of protein secretion of coagulation (A2M, TFPI) and complement (C3a and C5a) factors in Caco-2-TLR4-D299G, as assayed by enzyme-linked immunosorbent assay. Data are presented as means Ϯ SEM (n ϭ 3). *P Ͻ .05; **P Ͻ .01; ***P Ͻ .001.
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TLR4-D299G Is Associated With Aggressive Tumor Disease in Human Sporadic Colon Cancer
To assess the role of TLR4-D299G in the pathophysiology of human primary colon cancer, we examined sporadic human colon cancers (Table 1) . Thirty-three of the 214 cases (15.4%) carried the D299G allele of the TLR4 gene, all in cosegregation with T399I (heterozygous, 30; homozygous, 3). Thus, the overall frequency of the TLR4-D299G mutation in our cohort was comparable to that previously reported in other European areas. 8 Only one patient (0.5%) carried the single T399I allele of the TLR4 gene (Table 1) , who was not further included in the following analysis. Primary human colon cancers carrying the TLR4-D299G variant showed a more progressive tumor stage distribution when compared with TLR4-WT at initial diagnosis (Table 1 ; P Ͻ .005). Advanced disease (International Union Against Cancer [UICC] ՆIII, 70% vs 46%; P ϭ .0142) and distant organ metastasis (UICC IV, 42% vs 19%; P ϭ .0065) at the time of diagnosis were significantly more frequently observed in patients with TLR4-D299G colon cancer than TLR4-WT ( Figure 6A ). Fourteen of the 214 patients (6.5%) carried the TLR2-R753Q variant (all TLR4-WT), but the overall tumor stage distribution of patients with TLR2-R753Q was comparable with TLR2-WT (Supplementary Table 4 ; P Ͼ .05).
No differences in mRNA expression of selected genes (STAT3, Cx43, TLR4, TFPI) were observed in normal, tumor-free (R 0 ) surgical margins between TLR4-WT and TLR4-D299G colonic tissues from representative patient groups ( Figure 6B ). However, TLR4 mRNA was significantly induced in sporadic human colon cancers, regardless of genotype. When compared with TLR4-WT, STAT3 mRNA was more increased in the group of TLR4-D299G cancers, but levels of STAT3 mRNA did not correlate directly with tumor stage (data not shown). In addition, significant elevation of Cx43 mRNA levels was confirmed in tumor areas carrying the TLR4-D299G variant, which was not evident in TLR4-WT. In contrast, mRNA levels of TFPI were equally induced in both cancer groups. These data indicate that primary human sporadic colon cancers with TLR4-D299G exhibit progressive tumor behavior associated with increases of STAT3 and Cx43 mRNA levels when compared with those with TLR4-WT.
Discussion
Chronic inflammation is an important component of tumor promotion and progression in the intestine. 25 Here, we identify a previously unappreciated role of the common human TLR4-D299G variant as a gain-of-function mutation with enhanced oncogenic potential in the intestinal epithelium. Our findings imply that TLR4-D299G drives malignant progression in human colon cancer.
In the present study, we used 2 different models. First, we stably transfected the IEC line Caco-2 with TLR4-WT, TLR4-D299G, or TLR4-T399I. We performed all experiments using the Caco-2 clones on day 8 after seeding. At that time point, Caco-2 cells are characteristic of an intermediate, noninvasive enterocyte/adenoma cell stage, exhibiting typical morphologic and functional properties of the mature enterocyte (including polarization), 26 and thus represent a suitable model to study molecular events involved in IEC differentiation and cancer progression steps. Although Caco-2 cells express a truncated form of APC, nuclear ␤-catenin does not accumulate and transcription of Wnt target genes is not inappropriately activated in polarized cells, 27 consistent with our results in the TLR4-WT, TLR4-T399I, or mock cells. Furthermore, Caco-2 cells harbor no oncogenic RAS mutations. Introduction of TLR4-D299G, but not TLR4-WT or TLR4-T399I, into Caco-2 cells induced dramatic phenotypic changes, resulting in cells that, by several criteria, modeled progression to undifferentiated, invasive carcinoma. Our data show that TLR4-D299G confers a gain-of-function phenotype, mediating significant increases in distinct tumorigenesis-and inflammation-related genes and proteins. Constitutive secretion of mediators of 3 major and interrelated proinflammatory pathways (acute phase, coagulation, and complement) was excessively induced by TLR4-D299G. TLR4-D299G caused up-regulation in expression levels of vimentin and Snail2, nuclear localization of ␤-catenin, and loss of cell polarity associated with redistribution of E-cadherin, all of which represent hallmarks of cancer-related EMT. 20 In contrast, control Caco-2 clones did not show secretion of proinflammatory mediators or signs of EMT, which correlated with absence of tumor progression. Neoplastic progression was confirmed in 4 different TLR4-D299G Caco-2 clones, thus excluding effects of gene 
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December 2011 TLR4 -D299G AND COLON CANCER 2161 dosages and incidental or secondary gene mutations. Furthermore, using xenografts in mice confirmed TLR4-D299G-mediated acceleration of intestinal tumor growth with invasion in vivo. Second, we used human colonic specimens to validate the association of TLR4-D299G with aggressive oncogenic behavior in the pathogenesis of primary sporadic colon cancer in a proof-of-concept study. Primary colon cancer endogenously carrying the TLR4-D299G mutant showed an advanced tumor stage distribution with frequent metastasis, while in TLR4-WT colon cancer, tumor stages were significantly lower at time of diagnosis. We confirmed significant elevation of the inflammation-/tumorassociated genes STAT3 and Cx43 in association with TLR4-D299G. Regardless of genotype and disease stage, TLR4 mRNA and TFPI mRNA were both enhanced in primary human colon cancer. For this part of the study, we used formaldehyde-fixed paraffin-embedded tissue, which generally yields low amounts of RNA due to degradation and cross-linking. We decided against laser microdissection, because this could have further lowered RNA quantities and thus biased gene profiles, as previously shown. 28 Instead, all tumors were pathologically reviewed and those sections with maximal tumor cell extent and no surrounding healthy tissues were selected. We cannot exclude that remaining scattered stroma cells may have influenced tumor cell gene expression; however, in tumor-free margins of colonic specimens, we did not observe significant differences in mRNA levels between TLR4-D299G and TLR4-WT.
All of our patients were of European descent and had the cosegregated D299G/T399I-TLR4 haplotype. Due to evolutionary pressure during migration, distinct (single vs combined) TLR4 polymorphisms have unique distributions in different populations worldwide. 8 Future studies will need to test the impact of the single TLR4-D299G mutation (which occurs mostly among African populations) in primary human colon cancer. It is possible that the single TLR4-D299G haplotype may have an even more profound phenotype than the combined TLR4-D299G/ T399I haplotype in primary human colon cancer (eg, in black Americans who tend to have more advanced disease at diagnosis). In our in vitro studies, we tested the single polymorphisms individually and not the combined TLR4-D299G/T399I haplotype. It remains to be shown whether the single TLR4-T399I contributes to malignant progression in primary human colon cancer. Only one patient with cancer carried the single TLR4-T399I. . Advanced disease is more often diagnosed in patients with TLR4-D299G colon cancer than TLR4-WT (see Table 1 In contrast to TLR4-D299G, insertion of TLR4-T399I alone in Caco-2 led only to elevation of some proinflammatory and tumorigenic genes, and these events did not mediate functionally cancer progression. It remains to be investigated whether selective activation of nuclear factor B by TLR4-T399I may have suppressed tumor growth. Collectively, our findings suggest that TLR4-D299G, and not TLR4-T399I, accelerates transition of colon cancer to invasion and metastasis in established tumorigenic cells. Activation of the STAT3 pathway represents a central node for many converging cascades 29 associated with systemic acute phase 30 and cancer-promoting inflammatory responses. 23 STAT3 plays a pivotal role in the control of innate immunity in the intestine. Our findings imply that STAT3 is likely a principal target of TLR4-D299G, because STAT3 was constitutively tyrosine phosphorylated and translocated to the nucleus in TLR4-D299G, but not in the other IEC clones. In addition, a specific STAT3 inhibitor blocked the proliferative and invasive capacity of TLR4-D299G IEC in vitro (Matrigel invasion assay) and in vivo (mouse xenograft model of human colon cancer). Furthermore, STAT3 mRNA was more enhanced in primary human colon cancer expressing TLR4-D299G when compared with TLR4-WT. Wnt regulates normal embryonic development via STAT3. 31 Our in vitro data suggest that STAT3 activation occurs through a Wnt/␤-catenin-dependent mechanism that drives tumor invasion, implying that TLR4-D299G-induced deregulated Wnt signaling may critically contribute to STAT3-mediated cancer progression of IECs. Downstream, STAT3 activation may lead to increased transcription of many different genes, including Cx43, 32 which may drive inflammation and tumor development, thereby possibly establishing a feed-forward loop. Future studies will need to determine whether TLR4-D299G-induced Wnt signaling modules directly recruit STAT3 or other regulatory elements.
The TLR4-D299G variant has been associated with IBD susceptibility. 14 Chronic recurrent intestinal inflammation in IBDs increases the risk of developing colon cancer. 25 Previous studies using AOM-induced chemical carcinogenesis in chronic dextran sulfate sodium-induced colitis showed that TLR4-deficient mice that fail to produce prostaglandin E 2 in COX-2-expressing macrophages are resistant to development of colon cancer, 7, 33 implying that complete loss of function in the murine TLR4 gene exerts antitumor effects. However, our results show that COX-2 was not functionally involved in mediating the TLR4-D299G-induced effects. In contrast, others have shown that MyD88 signaling elicits protective effects via interleukin-18 against induction of colon cancer in the AOM/ dextran sulfate sodium model 34 but drives intestinal tumorigenesis in Apc Min/ϩ . 35, 36 These varied reported effects of TLR4/MyD88 signaling in the development of colon cancer highlight the complexity and variability of experimental murine models, each depending on different immune, genetic, and environmental/commensal contexts. 1 Future studies will need to determine whether TLR4-D299G puts patients with IBD at increased risk for developing a more aggressive phenotype of colitis-associated neoplasia. It will be essential to dissect whether gene-gene and environmental-gene interactions in IBD and colitis-associated cancer may influence the functional outcome of the gainof-function mutation TLR4-D299G in the intestinal epithelium (and other cell types).
In conclusion, TLR4-D299G-mediated enhanced activation of the STAT3 pathway may contribute to poor prognosis and may serve as a target in colon cancer therapy in this subgroup of patients who are at high risk for developing advanced disease. Further studies in other cohorts are now needed. Cell samples were frozen in trizole at -80°C. Total RNA was isolated (RiboPure, Ambion) and purified (RNeasy, Qiagen). FFPE tissue samples were cut into 10-12μm-thick sections on a microtome with a disposable blade. RNA was extracted from three to five sequential sections from the same paraffin block using the RNeasy FFPE Kit with the deparaffinization solution (Qiagen), according the manufacturer's instructions. DNA was extracted using the QIAmp DNA FFPE Kit (Qiagen), according to the manufacturer's instructions, except the Proteinase K digestion step at 56°C was prolonged to overnight.
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Microarray analysis.
All RNA samples (n=3 per condition) were analyzed independently and further processed at
The Microarray Facility (Tübingen) where hybridization was performed using GeneChip® 
RT-PCR analysis.
Quantitative real-time RT-PCR analysis was performed at least in duplicate using the one-step 
Protein analysis by immunoblotting.
Proteins were isolated from cultured cells in ice-cold lysis buffer (20mM Tris pH7.5, 150mM
NaCl, 2mM EDTA, 1% TX-100, complete Mini protease / PhosphoStop phosphatase inhibitor cocktail tablets (Roche), and 2 mM PMSF plus (Roche)). Immunoblotting was preformed as previously described 7 . To confirm equal protein loading, gels were stained with SimplyBlue (Invitrogen) and/or blots were reprobed with anti-Gapdh. Representative blots of at least two independent experiments are shown.
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ELISA.
Concentrations of C3a, C5a, A2M or TFPI in cell culture supernatants were determined using the ELISA kits: C3a BD OptEIA, C5a BD OptEIA (BD Biosystems), Alpha-2-Macroglobulin ELISA (Assay Pro) and Tissue Factor Pathway Inhibitor ELISA Quantikine (R&D Systems).
Proliferation and metabolic activity were assessed by Cell proliferation (BrdU) ELISA from
Roche and Cell Titer 96® Aq ueous One Solution (MTS-based) Cell Proliferation Assay from
Promega, -all according to the manufacturers' instructions.
Matrigel invasion assay.
Cells ( 
Immunohistochemistry.
For detection of cytokeratin in matrigel-xenograft tumors, frozen sections were processed, as previously described 8 . For detection of phospho-histone H3 / ß-tubulin, phospho-ß-catenin, phospho-STAT3, cells on chamber slides were stained according to the manufacturer's protocols. Immunofluorescent sections were assessed using confocal laser microscopy (Zeiss Axiovert 100M -LSM 510), as previously described 
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Toll-like Receptor 4 Variant D299G Induces Features of Neoplastic Progression in
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